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NAC is a computer code designed to predict the neutron-induced 
gamma ray radioactivity for a wide variety of composite materials. 
This code is a subset of the NAP code, and the code output has been 
altered to provide convenient analysis by experimenters. The NAC 
output includes the input data, a list of all reactions for each con- 
stituent element, and the end-of -irradiation disintegration rates for 
each reaction. The code also compiles a product isotope inventory 
containing the isotope name, the disintegration rate, the gamma- 
ray source strength, and the absorbed dose rate at 1 meter from 
an unshielded point source. The induced activity is calculated as 
a function of irradiation and decay times; the effect of cyclic ir- 




NAC: NEUTRON ACTIVATION CODE 
by Suzanne T. Weinstein 
Lewis Research Center 
Cleveland, Ohio 
NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 
NAC: NEUTRON ACTIVATION CODE 
by Suzanne T. Weinstein 
Lewis Research Center 
SUMMARY 
NAC is a computer program designed to predict the neutron-induced 
gamma ray radioactivity for  a wide variety of composite materials. The 
unshielded induced radioactivity is calculated as a function of neutron 
exposure and decay times. The effects of cyclic exposure to a neutron flux 
and target atom burn-up can also be calculated. 
NAC, a subset of NAP, provides fewer computational options than NAP 
and the output has been altered to provide for more convenient analysis by 
experimenters. The NAC output includes the input data, a list of all 
reactions for each constituent element, and the end of irradiation dis- 
integration rates for  each reaction. The code also compiles a product 
isotope inventory containing the isotope name, the disintegration rate, 
the gamma ray  source strength, and the absorbed dose rate at one meter 
from an unshielded point source. A breakdown of the above data as a 
function of gamma energy for each product isotope is available as an  
option. 
INTRODUCTION 
NAC is a computer code written to provide a means of rapid analysis 
of the neutron-induced gamma ray radioactivity for a wide variety of 
composite materials. The code is a simplified version of the NAP program 
(see ref. 1). NAP was written to calculate the induced activity and 
unshielded gamma dose as a function of time, space, and gamma energy. 
NAP was designed to use the neutron spectrum output from a transport 
code and to provide input data for  a gamma shielding code. NAP is highly 
versatile and well suited to this type of activation calculation. However, 
the detailed calculations available with NAP are not warranted in experimental 
situations in  which knowledge of the neutron spectrum is limited and the 
activation information required is minimal. Such a situation would occur 
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when the knowledge of the post-irradiation activation hazards of an ex- 
perimental capsule, to be irradiated in a test reactor, is desired. 
NAC was written to provide this type of activation calculation, and 
the code output has been designed to provide for convenient analysis by 
experimenters. The output consists of two sections. The first contains 
the input da ta  (material composition, neutron fluxes, irradiation time, 
a list of the reactions considered for each element, the end of irradiation 
disintegration rates  (dis/sec) for each reaction, and the fraction of the 
activity produced by each neutron energy group. The second section is 
a product isotope inventory containing the product name, disintegration 
rate (rnci), gamma source strength (MeV/sec), and the absorbed dose 
rate (m rads (C)/hr) at one meter from an  unshielded point source. A 
breakdown of the above data as a function of gamma energy for each product 
isotope is available as an option. This output section also includes the 
decay time considered and totals of the inventory data. Simple scanning of 
the output wil l  pin-point the product (8 )  which presents the greatest hazard 
and the reaction (9) which produces this product (see Appendix C). 
The induced activity is calculated as a function of the duration of neutron 
exposure and the decay times. The effects of cyclic neutron exposure and of 
target atom burn-up can also be evaluated. The activity is calculated per- 
unit volume, per-unit mass,  or  for the total mass of the composite material, 




The build-up and decay of neutron-induced radioactivity are calculated 
from the equations given below which have been derived from the basic 
activation equations (see ref. 2). In each of the equations listed below, the 
term oq represents a summation over the entire neutron energy range 
and is independent of time. 
burn-up is ignored, the induced activities are: 
For  an irradiation time tl, with zero decay time, where target atom 
3 
for the parent 
. 
for the daughter 
for the granddaughter 
L 
7 
where S1, S2, S3 are the disintegration rates (dis/sec), N is the initial 
number of target atoms (number), (T is the activation cross  section 
the decay constants for the parent, daughter, and granddaughter, 
respectively (sec-l). 
(cm 2 /neutron), q is the neutron f lux  (neutrons/cm2-sec), X1, X 2 , X 3  are 
4 
For a neutron irradiation time tl followed by a decay time t2, the 
induced activities a r e  
AzA3Sl(tl)fe- A t  1 2  - e  "Qt2 e -h2t2 - e  "Qt2 1 
+ I - - ~  
For a cyclic neutron exposure, with zero decay time following the 




-'Qtl e - 
L 
-na<ptl -nAl(tl'+ to) 
- e  1 J 
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where n is the number of cycles, tl is the irradiation time per cycle, and 
to is the non-irradiation time per cycle. Note that equations (3) calculate 
the end-of-exposure activity for n cycles (n irradiation and (n-1) non- 
irradiation periods) with burn-up. The results of these equations are then 
used in equations (2) to calculate the activity after decay periods following 
cyclic exposure. See sketch (a). 
n = 3  
Equation (3) Equation (2) 
Sketch (a) 
The above equations yield the disintegration rates in disintegrations 
per second which are then converted to the desired output quantities. The 
gamma ray source strength (MeV/sec) is obtained by multiplying the dis- 
integration rate by the appropriate gamma ray energies and the fraction of 
gamma rays  emitted at each energy per disintegration. The absorbed dose 
rate D in m rads (C)/hr at one meter from an unshielded point source 
is calculated from 
K 
47rR2 
D= - S(MeV/sec) = 1. 285X10-8 S (4) 
where K is an energy flux to dose conversion factor, R is the distance 
from the source (1 m), and S is the source strength. K consists of a unit 
conversion factor and the mass energy absorption coefficient for carbon, 
which was arbitrarily selected as the 1 MeV value (0.0280 cm2/g). See 
reference 2. Appendix A is a complete FORTRAN listing of the NAC code. 
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PROGRAM DESCRIPTION 
The NAC data library (see appendix B) contains the activation constants . 
for 71 naturally occurring elements with a total of 251 reactions producing 
226 radioactive isotopes. For each material to be analyzed, up to 20 different 
elements may be specified. Provision has been made for the analysis of as 
many different materials, per computer run, as desired. For each analysis, 
up to 20 decay time intervals may be specified. The NAC data library 
contains the data listed below for  71 naturally occurring elements. 
- 
. 
(1) target element names ? 
(2) isotopic reaction 
(3) activation c ros s  sections (cm /g) 
(4) decay constants (min-l) 
(5) atomic densities (atoms/g) 
(6) product isotope name 
(7) decay gamma energies (MeV) 
(8) fraction of gammas at a given energy 
The elements required for a material analysis are identified, during 
2 
input, by their atomic number (Z) and are listed in  the data library in order 
of increasing Z. If an element not present in the data library is specified 
during input, the code wil l  write a message identifying the element in question 
and then will eliminate it from the calculation. Data input for each material 
must also include the material density or mass ,  the weight fractions of the 
constituent elements, the irradiation and decay time, and the neutron flux in 





The cross sections, taken from references 1 and 3, have been averaged as 
follows: for 0 < E < 0.2 eV, a Maxwellian distribution was used; for  
0.2 e V  < E - < 0.82 MeV, a 1/E distribution was  used; and for  
E > 0.82 MeV, the U235 fission spectrum was used. 
0.82 MeV < E 
5.5 KeV < E < 0.82 MeV 
1. 1 e V  <T!I < 5.5 KeV 




The program output contains the following data in the order listed. 
item 1: information provided by the user to identify each material; 
item 2: the neutron f lux  in order of decreasing energy and the 
irradiation time, if the cycling option is used this is the 
irradiation time per cycle 
present in the library. .  
Appendix C contains the output for 3 sample problems. 
* item 3: messages, if any, for elements requested which are not 
item 4: element name and weight fraction 
item 5: list of reactions for the element; each followed by the disintegra- 
tion rates (dis/sec) for the parent, daughter, and grand- 
daughter at zero decay time; and the fraction of induced 
activity due to each neutron group in order of decreasing energy. 
Items 4 and 5 are repeated for  all elements in a given material. The above 
information appears only once for each material. The following information 
is repeated f o r  each decay time. . 
output is calculated: per -gram, per -cubic centimeter, o r  for 
the total mass. 
strength, and absorbed dose rate. 
item 6: the time after irradiation in minutes and the units in which the 
item 7: the product isotope name and total disintegration rate, source 
The following three lines appear if the breakdown of the activity as a function 
of gamma energy is desired. 
item 8: the gamma ray energies 
item 9: the absorbed dose rate at each gamma energy 
i t em 10: the source strength at each gamma energy. 
The last item (11) appears regardless of the options used: 
11: the total material disintegration rate, source strength, and 
Items 6 through 11 are repeated for each time after irradiation. Those 
product activities which are zero (less than 
absorbed dose rate. 
are not printed out. 
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PROGRAM LIMITATIONS 
Each composite material may consist of up to 20 different elements 
and up to 20 different decay times may be included. The number of 
different materials that can be analyzed during a single computer l1  run" 
is limited only by the machine time available. All reactions for each 
element for which c ross  sections were available are included in the NAC library. 
These include the (n, y ) ,  (n, p), (n, a), and (n, 2n) reactions; the formation 
of excited states and isometric states are also included. The activity for 
each reaction is traced through the first three generations or until a 
stable product is formed. However, there are some exclusions: 
reactions which have products having half-lives less than about one minute and 
products which are not gamma emitters. The dose rate contributions of 
alpha and beta particles are not included. 
_. 
INPUT PREPARATION 
Each "data link" consists of one material to be analyzed. The library 
data deck must preced the first data link (see 
links that can be processed per computer run 
listed below must be present for each link. 
c 
sketch (b)). The number of data 










Card no. Columns 
9 
Data 
1 FORMAT (12A6) 
1-72 




3 FORMAT (8F10.4) 
1-10 
11-80 
4 FORMAT (4E10.4) 
1-40 





6 FORMAT (8E10.4) 
1-80 
any information desired by user  to 
identify the material 
= 1, if the gamma energy breakdown is 
= 2,  if the gamma energy breakdown is 
not desired 
desired 
the number of elements desired; 
the Z value for each element desired; 
= 1.0 ,  for output per gram 
= - mass, for output per total mass  
the weight fraction of each element in 
the same order as the Z values on 
card 2 
= density (g/cm 3 ) fo r  output per cm 3 
neutron f lux  in order of decreasing in 
energy ; 
number of reactor cycles; columns 
are left blank if cycling is not desired 
irradiation time in minutes (if cycling is 
desired, the irradiation time per cycle) 
non-irradiation time per cycle in minutes; 
columns are left blank if cycling is not 
desired 
the pumber of decay t imes desired 
the decay t imes in minutes from the end of 
irradiation (from the end of the last 
exposure for cycling) 
i 10 
Note that card five must be used with or  without cycling. Normal 
(non-cyclic) calculations (equations (1)) do not include target atom burn- 
up. Calculation of target burn-up without cycling may be obtained by 
setting the number of cycles to 1 and the non-irradiation time per cycle 
to zero on card 5. 
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A P P E N D I X  A A C O M P L E T E  F O R T R A N  L I S T I N G  OF THE NAC CODE 
C 
C W R I T E  I N P U T  D A T A - - M A T E R I A L  I D E N T I F I C A T I O N  I N F O R M A T I O N T  N E U T R O N  
C FLUX9 I R R A D I A T I O N  T I M E  OR NUMBER OF C Y C L E S  AND 
C I R R A D I A T I O N  T I M E  PER C Y C L E  
C 
W R I T E  ( 6 9 2 0 1 )  ( N A M E ( L ) T L = ~ T ~ ~ )  
2 0 1  FORMAT ( 1 H  9 2 9 X * 1 2 A 6 / / / 2 X )  
I F  ( T N o N E o O o )  GO T O  1 
W R I T E  ( 6 9 2 0 2 )  ( P H I ( I ) T I = ~ T ~ ) T T I  
202  FORMAT ( 1 3 H  N E U T R O N  F L U X T ~ ( ~ X ~ ~ P E ~ ~ . ~ ) T ~ O X T ~ ~ H I R R A D I A T I O N  T I M E ?  
A 1 P E 1 2 . 3 9 4 H  M I N / / 2 X )  
GO TO 2 
1 W R I T E  ( 6 9 2 0 3 )  ( P H I ( I ) T I = ~ ~ ~ ) ~ I N T T ~  
203 FORMAT ( 1 3 H  N E U T R O N  F L U X T ~ ( ~ X T ~ P E ~ ~ O ~ ) I ~ O X T I ~ ~ ~ H  C Y C L E S T S X T  
A 1 6 H I R R A D I A T I O N  T I M E ~ L P E I O O ~ T ~ H  M I N / / Z X )  
C 
C C O N V E R T  I N P U T  Z TO K E Y  TO R E A C T I O N  I N D E X I N G  P A R A M t T E R S  
C 
C T R A P  E L E M E N T S  R E O U E S T E D 9  RUT N O T  I N  THE L I B R A R Y 9  W R I T E  MESSAGE 
C 
















I F  ( H o N E o 9 )  GO T O  3 
Z (  J)=1 
GO T O  1000 
Z ( J 1 =Z ( J 1-9  
GO TO 1000 
Z ( J ) = Z ( J ) - 1 0  
GO T O  1000 
Z ( J  ) = Z  ( J  1 - 1 1  
GO TO 1000 
Z (  J ) = Z  ( J  1 - 1 2  
GO TO 1000 
Z (  J ) = Z (  J 1 - 1 3  
GO TO 1000 
Z ( J  ) = Z  ( J 1 - 1 4  
GO T O  1000 
Z ( J  )=68 
GO TO 1000 
Z(J  ) = Z (  J 1 - 2 1  
GO TO 1000 
I F  ( M o G T . 3 9 )  GO TO 4 
I F  (M.GT.43) GO T O  5 
I F  ( M o G T . 6 1 )  GO TO 6 
I F  ( M o G T . 6 8 )  GO T O  7 
I F  ( H o G T . 7 6 )  GO TO 8 
I F  ( M o G T . 8 2 )  GO T O  9 
I F  ( M o N E o 8 3 )  GO TO 10 
W R I T E  (6.204) H 
F O R M A T  (37H E L E M E N T  IS NOT L I S T E D  I N  L I B R A R Y  Z = . I 3 / / 2 X )  
Z ( J ) = O  
C O N T I N U E  
B E G I N  C A L C U L A T I O N  O F  E N D  OF I R R A D I A T I O N  D I S I N T E G R A T I O N  R A T E S  
N=O 
W R I T E  (6.205) 
F O R M A T ( ~ X ~ ~ H E L E M E N T I ~ ~ X ~ ~ ~ H W E I G H T  F R A C T I O N 1 3 X q 2 2 H D P S  A T  Z E R O  DECAY 
A T I M E . 1 7 X v 3 5 H A C T I V I T Y  F R A C T I O N  P E R  N E U T R O N  G R O U P / 2 X )  
DO 1012 J = l t J J  
M = Z ( J )  
I F  (M.EO.0) GO TO 1012 
K K = I E  ( M I  
K K K = I D E L ( M ) + K K - l  
P E R C = A B S ( W T * W T F ( J ) )  
C 
C W R I T E  E L E M E N T  NAME AND W E I G H T  F R A C T I O N  
C 
W R I T E  (6.206) ( E L E ~ ( I I H ) ~ I = ~ ~ ~ ) , W T F ( J )  
DO 1011 K=KK,KKK 
00 1002 111.4 
F N ( I ) = P H I ( I ) * S I G H A ( I . K )  
206 FORMAT ( ~ X / ~ X , ~ A ~ . ~ O X V O P F ~ ~ ~ / / ~ X )  
TOT=O, 
D F N (  I ) = F N (  I 1  
1002 T O T = T O T + F N ( I )  
I F  (TN.NEoO.1 GO T O  20  
C 



























1 5  
A= PERC*TOT 
A L = L A  ( K  1 
A L X = E X P ( - A L * T l  I 
I P A = P A ( K  1 
C A L C U L A T E  P A R E N T  P O S T - I R R A D I A T I O N  A C T I V I T Y  ( D I S / S E C )  
S l = A * ( l o - A L X )  
IF ( P R ( K ) . E Q o O )  GO TO 12 
BL=LB ( K  1 
B L X = E X P ( - B L * T l )  
I P B = P B  ( K 1 
C A L C U L A T E  DAUGHTER P O S T - I R R A D I A T I O N  A C T I V I T Y  ( D I S / S E C )  
S Z = A * ( R L * ( l o - A L X ) - A L * ( l o - B L X ) ) / ( R L - A L )  
I F  ( P C ( K ) o E O o O )  GO TO 13 
C L = L C ( K )  
C L X = E X P  ( - C L * T  1 )  
I P C = P C ( K  1 
C A L C U L A T E  GRAND DAUGHTER P O S T - I R R A D I A T I O N  A C T I V I T Y  ( D I S / S E C )  
S 3 = A * ( ( B L - A L ) * ( 2 . - C L X ) - B L * C L * ( A ~ X - C L X ) / ( C L - A L ) + A L * C L * ( B L X - C L X )  
A / ( C L - B L ) ) / ( H L - A L )  





C A L C U L A T E  N E U T R O N  GROUP A C T I V I T Y  F R A C T I O N S  
W R I T E  R E A C T I O N *  P O S T - I R R A D I A T I O N  D I S I N T E G R A T I O N  R A T E S 9  AND N E U T R O N  
GROUP A C T I V I T Y  F R A C T I O N S  
C A L C U L A T E  D I S I N T E G R A T I O N  R A T E S  FOR R E Q U I R E D  DECAY T I M E S  
DO 1007 L = l * L L  
I F  ( T ( L ) . G T o O . )  GO TO 15 
A T = S l  
R T = S Z  
C T = S 3  
GO T O  16 
A L T = E X P ( - A L * T ( L I )  
A T = S l * A L T  
I F  ( I P B . E O . 0 )  GO TO 16 
B L T = E X P ( - B L * T ( L  1 )  
R T = S Z * R L T + R L + S L * ( A L T - B L T ) / ( ~ L - A L )  
I F  ( I P C o E O . O )  GO TO 16 
C L T = E X P ( - C L * T ( L ) )  
CT=S3+CLT+CL*S2* (BLT-CLT) / (CL-RL)+CL*BL*BL~Sl+ ( (ALT-CLT) / (CL-AL)  
14 
PARENT, DAUGHTER, GRAND DAUGHTER DISINTEGRATIONS RATES I N  
ISOTOPE A , R R A Y - - ( l )  IF ISOTOPE I S  ALREADY PRESENT, ADD TO 

























IF (NoNE.0) GO TO 17 
PROD( 1.1 ) = A T  
I P (  1 )= IPA 
N= 1 
GO TO 18 
DO 1004 N N I l t N  
I F  ( I P A o N E e I P ( N N ) )  GO TO 1004 
PROD( NN,L )=PROD ( NN,L )+AT 
GO TO 1 8  
CONTINUE 
N=N+l 
I P ( N 1 = I  PA 
PROD(N,L)PAT 
I F  ( IPBoEOoO) GO TO 1 0 0 7  
DO 1005 NNS1.N 
I F  ( I P B o N E o I P ( N N I 1  GO TO 1 0 0 5  
PROD(NN,L)=PROD(NN,L)+BT 
-GO TO 19 
CONTINUE 
N=N+1 
I P ( N ) = I  PB 
PROD( NIL 1 =BT 
IF ( IPCoEQoO) GO TO 1 0 0 7  
DO 1006 NNt1.N 
IF ( IPC.NEoIP(NN)) GO TO 1006 
PROD(NN,L)=PROD(NN,L)+CT 
GO TO 1 0 0 7  
CONT I NUE 
N=N+1 
I P ( N 1 = I  PC 
CONT I NUE 
GO TO 1011 
PROD( NIL 1 =CT 
ACTIVATION CALCULATION FOR CYCLING AND BURN-UP 
AL=LA ( K  1 
ALX=EXP(-AL*Tl)  
TOT=O 
I PASPA( K 1 
Sl=O. 
DO 1 0 0 8  1~1.4  
S F ( I ) = 6 O 0 * F N ( I ) / A D ( M )  
S F X ( I ) = E X P ( - S F ( I ) * T l )  
ALC=TN 
D F N ( I ) = F N ( I ) * T l * A L C  
GO TO 1 0 0 8  
I F  ( (SFX(I ) -ALX)oNE.Oo) GO TO 2 1  
CALCULATE PARENT POST-IRRADIATION A C T I V I T Y  (D IS /SEC)  
A L C ~ ( ' S F X ( I ) * * T N - E X P ( - T N * A L * ( T l + T 2 ) ) ) / ( S f X ( I ) - E X P ( - A L * ( T l + T Z ) ) )  
DFN(I)=FN(I)*(SFX(I)-ALX)/(AL-SF(I))*ALC 
TDT=TOT+DFN( I 1 
Sl=TOT*PERC*AL 
I F  (PB(K).EOoO) GO TO 22 
15 
I P B = P B ( K  I 
BL=LB( K 1 











C A L C U L A T E  DAUGHTER P O S T - I R R A D I A T I O N  A C T I V I T Y  ( D I S / S E C l  
DO 1009 1 x 1 9 4  
S 2 = S 2 + F N ( I ) * ( ( S F X ( I l - R L X ) / ( B L - S F ( I ) ) - ( A L X - B L X ) / ~ B L - A L ) ) / ( A L - S F ~ I l l  
S Z = S E * P E R C * A L * B L * A L C  
I PC=PC ( K  I 
C L = L C ( K l  
C L X = E X P ( - C L * T l l  
S 3=0 
I F  ( P C ( K l . E O - 0 )  GO T O  23  
C A L C U L A T E  GRAND DAUGHTER P O S T - I R R A D I A T I O N  A C T I V I T Y  ( D I S / S E C )  
DO 1010 I = l r 4  
S 3 = S 3 + F N ~ I l ~ ~ ~ ~ S F X ~ I l - C L X ~ / ~ C L - S F ~ I l ~ - ~ B L X - C L X ~ / ~ C L - ~ L l ~ / ~ B L - S ~ ~ I l  
S 3 = S 3 * P E R C * A L * B L * C L * A L C  
GO T O  14 
22 I P B = O  
s2=00 
23 I P C = O  
S 3 = 0  
A ) - (  ( A L X - C L X ) / ( C L - A L l - ( R L X - C L X ) / ( C L - B L l l / ( B L - A L )  1 
GO TO 14 
C 
C GO B A C K  A N D  C A L C U L A T E  A C T I V I T Y  A F T E R  DECAY T I M E S  AND I N C L U D E  I N  
C PRODUCT I S O T O P E  ARRAY 
C 
1011 C O N T I N U E  
1012 C O N T I N I J E  
N E N D = N  
DO 1015 L = l r L L  
W R I T E  ( 6 9 2 0 0 1  
CTT=O. 
RTT=O. 
S T T = O ,  
I F  ~ A B S ~ W T ~ 1 ~ ~ ~ L T ~ ~ 0 0 0 0 1 )  GO TO 24 
I F  ( W T o L T o O o )  GO T O  25  
C 
C H R I T E  T H E  D E C A Y  T I M E  AND U N I T S  FOR C A L C U L A T I O N  
C 
U R I T E  ( 6 9 2 0 8 )  T I L 1  
2 0 8  F O R M A T  ( 2 3 H  T I M E  A F T E R  I R R A D I A T I O N r l P E 1 2 o 4 ~ 4 H  M I N v Z O X 9 3 1 H A L L  O U T P U  
A T  P E R  C U B I C  C E N T I M E T E R / / Z X l  
GO T O  26  
24 H R I T E  ( 6 9 2 0 9 )  T ( L 1  
209 F O R M A T  (23H T I M E  A F T E R  I R R A D I A T I O N ~ l P E 1 2 . 4 ~ 4 H  M I N r Z O X ~ 1 9 H A L L  O U T P U  
A T  PER G R A H / / Z X l  
GO TO 26 
25  W R I T E  ( 6 r 2 1 0 1  T ( L 1  
210 FORMAT ( 2 3 H  T I M E  A F T E R  I R R A D I A T I O N I ~ P E ~ ~ . ~ ~ ~ H  M I N q Z O X v 2 5 H A L L  O U T P U  
A T  FOR T O T A L  M A S S / / Z X l  
C 
C C A L C U L A T E  D I S I N T E G R A T I O N  R A T E S  ( M C I ) *  SOURCE S T R E N G T H S  ( M E V / S E C ) r  
C D O S E  R A T E S  ( M R ( C l / H R l 9  A N D  T O T A L S  
C 
16 
26 DO 1014 N t l r N E N D  
K = I P ( N )  
N N t N E  ( K 1 
I F  (PROD(N,L).EQ.O.) GO T O  1014 
RT=O 
ST=Oo 
P = P R O D ( N T L )  
C T = P / 3 . 7 E 7  
DO 1013 I t l r N N  
S ( I ) f F R A C ( I * K ) * E G A M ( I , K ) * P  
R ( I ) = S ( I ) * l o 2 8 5 E - 8  
S T = S T + S  ( I )  
1013 R T = R T + R ( I )  
C 
C W R I T E  PRODUCT I S O T O P E  I N V E N T O R Y  
C 
W R I T E  (69211) ( I S O ( M ~ K ) ~ M ~ L T ~ ) ~ C T T R T T S T  
211 FORMAT (SX,A3*A4*lOX*lPElOo4*12H M I L L I C U R I E S ~ ~ X , ~ P E ~ O ~ ~ T ~ ~ H  MR/HR 
AAT 1 M r 5 X v l P E l O o 4 * 8 H  M E V / S E C / 2 X )  
W R I T E  ( 6 , 2 1 2 1  ( E G A H ( I T K ) T I = ~ ~ N N )  
W R I T E  (61213)  ( R ( I ) , I = l r N N )  
W R I T E  (69214) ( S ( I ) r I = l t N N )  
- I F  ( O P T o E O . 1 )  GO T O  27 
212 FORMAT ( 1 2 X * l 3 H G A M H A  ENERGY r 7 ( 5 X ~ O P F 1 0 . 4 ) )  
213 FORMAT ( 1 2 X * 1 3 H M R / H R  A T  1 M , 7 ( 5 X ~ l P E 1 0 . 4 ) )  
214 FORMAT ( 1 2 X , 1 3 H M E V / S E C  * 7 ( 5 X * l P E 1 0 . 4 ) / 2 X )  
27 C T T = C T T + C T  
R T T  =RTT+RT 
S T T = S T T + S T  
1014 C O N T I N U E  
W R I T E  (6,215) CTTTRTTISTT 
215 F O R M A T ( 2 X / 2 4 H  T O T A L  M A T E R I A L  A C T I V I T Y ~ l O X ~ l P E l 0 . 4 , 1 Z H  M I L L I C U R I E S ,  
A S X * l P E l 0 . 4 * 1 4 H  MR/HR AT 1 M 9 5 X i l P E 1 0 . 4 9 8 H  M E V / S E C )  
1015 C O N T I N U E  
GO TO 9999 
E N D  
17 
APPENDIX B 
DATA LIBRARY LISTING 
The NAC data library is listed below in three sections. The first 
section contains the target element names, atomic densities, and reaction 
indices. The second section contains the individual reactions and reaction 
parameters.  The third section contains the product isotopes and gamma 
energy yields. 
in order of increasing Z, on the first 12 cards. The next 8 cards contain one 
pair of reaction indices for each element. The first index identifies the first 
reaction for an element in the reaction table listed in Section ZI and the 
second index is the number of reactions for a given element. For example, 
the first two pair on the first card: 
. 
Section I contains the name of each element present in the data library, - 
1 -first react ion for fluorine 
3 -three fluorine reactions 
4 -first reaction for sodium 
4-  fouk sudkxm reactions 
The final nine cards contain the atomic density (atoms per gram) of each 
element in order of increasing Z.  
18 
SECTl(1N 1 ELEMENT NAMES, REACTION INDICES, A T O M I C  DENSITIES ( A T O M S / G R A M S )  
1 3 4 4 H 2 10  4 1 4  4 1 8  2 - 2 0  2 2 2  3 2 5  
3 0 . 3 3 3  4 3 7  5 4 2  3 4 5  3 4 A  3 5 1  4 5 5  6 6 1  
7 3  8 8 1  4 85 A 9 3  3 9 6  5 1 0 1  5 1 0 6  6 112  4 1 1 6  4 
1 2 6  2 128 7 135 2 137 1 13R 3 141 5 146 7 1 5 3  3 1 5 6  5 
1 6 7  7 1 7 4  4 1 7 8  5 1R3 4 1R7 5 192 1 193  3 1 9 6  1 1 9 7  3 
2 0 2  3 2 0 5  2 207  1 208 2 210 1 2 1 1  1 212  1 2 1 3  2 2 1 5  3 
220 3 2 2 3  2 225  3 228  4 232 4.236 4 240 2,242 1 243  2 
1 2 6  4 
7 h H  5 
1 2 0  6 
161 h 
200 2 
2 1 8  2 
245  1 
19 
Section I1 consists of two cards for each of the 251 reactions. The 
2 
first card contains the reaction, followed by the activation cross sections 
(cm /g) for the four neutron groups in order of decreasing energy. 
indicate that the particular cross  section is zero or unknown. The second 
card contains up to three pairs of numbers, each pair corresponding to a 
radioactive isotope. The first number of each pair is an index which 
identifies the product isotope (Section III). The second number of the p a i r  




For example for  the first three reactions: 
product isotope 3 is F 20 
19 product isotope 2 is 0 
product isotope 1 is N 16 
2.786-6  
7 . 5 8 1 - 5  
3.7Rh-4 




4.2 7 9  - 3  
1 .h7U-R 
P . 7 6 7 - h  
1 . lo(,-& 
7 . 5 7 / - 5  
5 , 1 9 7 - 4  
7 . 7 9 5 - 4  
2 . 7 0 3 - 6  
3 .  / H e - 9  
H.04) -h  
I . 4 5 5 - 4  
6. P 66-5 
L.40u-C. 
7 . 5 4 9 - 1 1  
Y.5H7-h  
1. 3 7 0 - 7  
7.474-H 
h.'4 f 4 - 7  
7 , 1 1 9 - 7  
4 .  H 3(1-7 
9 1 3 0 - 5  
2 .hHQ-5 
2 . A 3 -4 - 7 
h . 3 q 4 - 4  
1 . 4 1 6 - 6  
7.220-6 
7 . 1 4 4 - 6  
3 . 3 9 3 - 5  
4 . 8 5 1 - 4  
, 3 4 n - h  
1 .H27-4 
h, 1 5 3 - 5  
3 , 1 8 2 - 4  
9 . 6 7 1 - 5  
2 . 8 1 4 - 4  
1 . 1 2 4 - 3  
5.47L.-5 




7 . 4 5 H - 3  
7.7 3 6 - 3  
21 
1.052-7  
H .H? 1-6 
5 .679-5  
7 .  832-12  
7 .3  3 1-9 
7 . 2 5 9 - 5  
4 .95  n - 6  
4.336-7  
5.5 ( 7 - 7  
1.54Y-5 
3 .400-5  
4 .317-7  
5 344-0  




d . / / 7 - 7  
4.646-9 










3 . 4 4 4 - 4  
1 .OYO-h 
H .7?O-11 
2 . 406-H 
2.353-4  
7 .403-8  
3 .3h6-4  
P. 20(1--h 
4 .  140-4 
3 . 6 6 l - f 4  
7.116-4 
1.727-4 
4 .804-5  
3 .A45-Y 
9.7 5 2-  7 
1 .038-7 
3.265-6 
1 .  R47-3  
3 .747-4  
9 .454-3  
1 174-6  
6 .346-3  
n . ‘1 1 7-3 
1 1 1 0 - 4  
1.331-7 
2 .457-5  
2 .399-7  
7 .55  1-5 
4 .366-2  
8 .h70-3  
1.1 Y Q - 1  
5 .370-4  
1 ..3 1 3 -  1 
1.641-1 
. 
1 . 1 6 7 - 6  
9 . 5 7 7 - 7  
9 . 5 7 7 - 7  
Y.03H-5 
9 . 1 1 9 - 4  
2 . 9 7 3 - 4  
4 . 3 5 8 - 8  
1 3 4 2 - 5  
5 . 2 5 7 - Q  
1.3Hh-8 





1 . 5Yh-7 
3.156-5 
1.74( \ -7  
H . 3 7 7 - 6  
1 .O1'+-7 
3 . 4 Y 4 - 4  
3.421-H 
1 . S 6 9 - 1 0  
1 . O k 7 - 5  
1 lhh-h 
3 .  107-6  
1 . 4 3 6 - 7  
l.hHH-4 
5 . 6 2 9 - 5  
1 .hhR-h 
1 . 3 3 7 - 7  
3 . R H Y - Y  
h . l P h - 5  
6 . 4 7 0 - 5  
6 . 3 3 3 - h  1 . 4 6 4 - 4  
3 .41H-4  4.71 ' / -3  
5 . h 0 2 - 4  4 . 3 5 5 - 3  
7 . 3 4 7 - 5  1 . 7 0 0 - 3  
1 . 7 1 4 4  3 .963-6  
2 . 3 2 9 - 4  3 . n 4 u - 3  
5.L177-4 1 . 3 H l - 7  
23 
4.091 -b2 
7. 5 1 t {  - ' <  
4 .  / 3 O - ' J  
1.616-4  
5 .  c)c)C,-? 1 .!I,{h-.) 4 . h h i l - h  
/ . C 41 I --(r 
I .?kk--? t, . 61) ,'- 4 
1 . I  i 5-h  1 .::y;.'-4 
9 . Y 7 / - 6  L 
24 
76  9 .903-3  7H 7.6lH-5 




$ Q  H h  ( N y G I  SR R7M 8.522-R 8.799-7 3ePH5-5 8.9H2-4 
74 q 0  ( N q 2 N )  7 W  8 9  7.668-7 
7 W  3 4  ( N t G )  Z R  95--NHY5M--NH95 4.674-7 5.934-9 1.397-6 
7 9  9 4  ( N 9 G )  7 R  95--1\lH YC, 2.2Yl-3 2.909-7 6.R48-5 
. n 5  7 . 3 ~ 7 - 6  9 0  1.2H3-4 9 1  1.372-5 
UC, 7.3U?-h  91  1.47>-5 








9 .R 5 n - 8  
1.744-5 
h.hH6-h 
5 . l l H - R  








7. n53 -4  
7 .733-9  
h .  i 65-4 
7.794-4 
4 . i) 75 -4 
h .  760-6 







1 . d l  3--3 








7 . I  q 7 - 4 
h .  1 3 6 - 4  
t4.950-7 
1.747-L 
7.1 * 1 -i 
2.42 1-R 
3.597-7 5.P4H-5 3.HO1--L, 4.746-3 
4.5 3 -t - 4  







6 . 0 8 0 - 3  
2 -567-3 
2.610-7 






I . 6 Y 0 - 7  
2 . 0 4 1 - 6  
7. u 3 5 - R 
1.1 1 3 - R  
4, 9 k > - 7 
L.557-7 
5 . 3 3 O - h  
-1 .Oh 1-9 
L, .OYY -1 0 
4.476-6 
2.OH9-4 1.133-3 1.378-3 
2 . 6 6 7 - 5  1.495-4 1.752-4 
6.186-5 1.451-4 4 . ~ 9 5 - 4  
4.1'46-5 2.478-3 9 . ~ ~ 8 - 3  
1.4'46-6 P.HAH-5 3.569-4 
l , l Y C ) - _ 4  7.437-1 6.256-1 
1 .?20-3 3.500-5 5.034-3 
L .  4 0 4 - 5  ~ . 4 5 7 - 5  3,064-5 
5.74H-5 4.757-5 4.H75-5 
4.!457-? 7 .761-4  4.370-4 
1.410-3 H . 6 7 6 - 3  1 .257-7 
7.e50-h 6 . 2 3 3 - 3  1.01 7 - 5  
3 . :4 e4-4 2 . 1 1 1 1 -  4 L .  7 4"- 4 
Y.'/44-5 4.634-4 ?.67Y-4 
5.406-6 n . 3 1 3 - 6  1 . H [ ) Y - ?  













5 . 2  63-10 
3.360-6 
H. 950-7 




6 .499 -R 







h .  232-7 




1 . 337-3 
1 . 9 10-8 


















2 . 507-4  
8.916-6 
2.017-6 




3 . n 9  2 - 5  
7.025-5 
2.149-3 
4. 9 13-4 
4.913-4 
2.362-5 




2 - 3 4 7 - 1  
2 . 6 3 b - 3  









1. . /09-4 
3.09 9-7 








9.54 1 + O  
7.1 7 1 + O  
7.691-1 
3 . 0 6 7 - 3  










1 .4 4 7 - 7 






6 .60Z - 1 0  




h .  6 3 3 - 4  
2.614-9 
7. H44-5 
3 . 0 5 Y - 7 
1 6 4 6 - 7  
5.73 1-6 




3 ii 2 4-7 
1.623-3 


































1 . 337-3 
1 69 1-3 




3.2Y 7+ 1 
1.053-5 
1 11H-4 








4 . 294-2 
9.441-7 



















8.949-5 2.181-6 2.008-5 
1.739-9 
1 . 1 1 2-6 
3.047-6 2 .0RH-4 
4.535-6 A.604-4 4.H3A-3 
'I. 9 0 4 - 5  1.772-8 
2.929-6 9.335-4 1.283-1 
6. Hh3-7 
3.916-11 
4. i 'O(1-11 
3.239-5 
5 726-9 5 179-H 3 755-7 
C).YYb-7 1.645-5 3.54'l-4 
7 .h64-7 
1.375-4 h.644-4 6.4H2-3 




1 . 564-2 





Section 111 consists of one cardfor each of the 226 radioactive product 
isotopes. Each card contains the isotope name followed by the number of 
gamma rays emitted. The remainder of the card contains up to seven 
pairs of numbers. Each pair consists of a gamma ray energy (MeV) 
followed by the fraction of gamma rays emitted at that energy per dis- 
integration. A few isotopes emit gammas at more than seven energies. 




S E C T I O N  I I I PRODUCT I S U T U P E  N A M E ?  M U M H E R  OF G A M M A S ?  GAMMA k N E H G Y  ( P l F V )  




. 7 Y h  . R 4 5  1 .  
.34 .39 .04 
. I S  .19 .1 
1. 
- 1 5 4  
06 
b.33 
. I f ,  







I N l l h M  
IN117M 
5 N l l 3  
S N 1 2 3  







T F 1 2 3 M 
1 E 12  5l”l 




1 t 1 3 1  
I 1 7 5  









c 5 1 3 2  
CY134 
C S 1 3 6  
CS13H 
HA 133”1 
H 4 1 3 3  
R A ]  3 5 I ~ ~  
LA140 
C I- 137n 
Cl-137 
CF141 
S C l  47 
PY142 
l\il)1 4 7  
N I I  149 
kin1 s 1 
W147  
IJ 1”) 1 4 9 
PY151 
c, IPI 1 5 3 
s (“1 1 5 5 
F11157M 
k l l l 5 2  
t t J l54  
G O 1  61 
T a l 6 0  















. Y 9  
.7h 
.04 
. l Y  
. 04 














Y R 1 6 9  
LU176M 
L U l 7 7  
Hf 1 7 5  
HF180M 
~ H F l R l  




W 1 8 7  
RE186 
R E l A R  
IR192M 
I R 1 9 2  
I R 1 9 4  
PT193M 
PT197 - 










H I 2 1 0  
pn210  
K A 2 2 5  
T H Z Z H  








I t  2 3 3  
I I  2 3 4  
( I  235 
(I  236  





1 o 1 0 A  l o  
.5 ,715 ,007 .634 0001 
7 083 0 1 0 6  O R 1  06 
1 0 0 8 4  024 
7 0308 011 0198 049 
1 0089 l o  
5 0 3 2 1  0002 025 0002 
6 0432  0015 0343 0985 
6 0501  016 0444 o H  
7 ,615 0 0 0 3  a482 083 
2 0102 0 0 0 4  0093 073 
7 1.23 011 1.22 038  
7 101 0 1  094 015 
1 0.56 e024 
6 0721  0 0 1  o h R 6  03 
3 076R 0 0 0 1  0137 0 2 0 2  
6 1.96 .01 1. / R  .001 
1 o 0 5 R  l o  
7 079 001 -6 0532 
7 0994 0002 0939 ,014 
2 0135 1. 0013 1. 
3 e279 001 0191  - 0 9  
7 096 0 1  079 01 
3 ,426 -06 .356 - 9 4  
3 1 - 0 9  0002 e675 0011  
3 0208 016 0158 077 
3 1.6 0 0 1  1 - 2 3  024 
2 0164 097 0133 097 
2 0191  002 0077 l o  
2 ,368 1. 0159 1. 
1 0279 l o  
3 .9h5 -002  ,573 -002  
1 0 .  0. 
1 OR04 0001 
1 0 0 4  o h 3  
4 - 2 1 4  - 5  - 1 6 7  .01 
Z 07 075 o 1 4 R  025 
5 -163 .02 .Oh9 .7 
2 - 7 9  .7 .05Y 1. 
5 067 o('03 0453 .01 
6 0 3  qc? 0074 ' 2  
5 0 5 A 4  0 2  0455 - 2  
5 ,476 02 0 3 4 1  02 
5 033 006 0 2 6 8  0 0 0 1  
2 0056 0001  0043 001  
2 ,117 ,003 -05 .28 
7 0367 004 o2R9 007 
1 005 027 
7 0644 02 ,371 - 2  
1 0074 1. 
6 02 0003 0175 0001  
5 094 0 1  0925 01 
3 - 1 2 4  015 0 0 5 1  011 
I 33 ' 
0 3 6 2  0014 028 0007 
0 7 5 1  0144 e 7 1 1  058  
1 - 1 9  015 0222 013 
073 075 0 5 1  1. 
0479 03 0134  031  
.123 0002 
1 - 6 7  - 0 0 1  1 - 1 3  0 0 1  
0 4 8 5  a001  - 4 1 7  0048 
0645 0027 - 6 2 2  001  
0077 099 




,368 029 . 
.44 , 9 9 6  
. i 9 5  .oi .057 .o i  
.Ob3 02 0 0 4 4  0 2  
.3H9 .2 . l o 9  0 2  
- 3 1 3  -85 .272 - 2  
0131  0001  013 e001  
- 1 7 7  0 5 5  0165 004 
.3h7 . z  .?h7 0 2  
.15 o O 0 R  .OR7 014 
OR71 0 1  0102 01 
00114 - 1 7  
. O Y 5  0156 
028 0 3 1  0184  098 
011 059 - 0 9 4  015 
0072 0 0 0 1  
0114  0 0 1  ,089 0135 
0093 016 o O 5 8  047 
0217 -005 ,137 004 
,122 .33 .1 -56 
03 .25 0 2  1. 
0114 0 0 1  0072 03 
0633 001 .155 02 
.029 .02 
0028 .7 . O l  . 2  
0047 07 
.016 .2  
.OS8 0002 
,146 012 0109 0 0 5  
.06 02 0033 .2 
.057 0 2  ,029 014 
0 0 4 4  01 
,081 1. 
- 0 6 3  0 5 5  . 
-4 
,136 015 , 
o 0 6 R  034 
0125 0 2 5  
t 
0127 0097 
0294 .033 ' 
0074 .1 




The input data and the code output are presented below for  three 
- sample problems. These problems will include all of the features available 
in NAC. The three materials were analyzed in a single computer run 
and execution time was 0.14 minutes. 
Each of the problems will use the same neutron flux: 
Group 1 3.OX10l2 
Group 2 1 . 5 ~ 1 0 ~ ~  
Group 3 2 . 7 ~ 1 0 ~ ~  
Group 4 4 . 0 ~ 1 0 ~ ~  
Sample problem I: Aluminum 6063 
Calculate the induced activity per gram for  an  irradiation period of 10 
days with decay times of 0, 1 hour, 1 day, and 10 days 





Copper . 001 
Manganese . O O l  
Chromium * 001 
Z inc . O O l  
Titanium . 001 
Sample problem 11: Stainless Steel 304L 
with zero  decay time. 
3 Calculate the induced activity per cm for  an  irradiation of 10 days 
Perform gamma energy breakdown. 
35 
Density: 7.75 gram per-cubic centimeter 
Composition (weight fraction): 
Iron .6412 










Sample problem 111: Experimental capsule 
exposure of 5 cycles consisting of 10 days irradiation and 2 days non- 
irradiation with zero decay time. 
Calculate the induced activity for a total mass  of 653.0 grams for an 
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